Background This study aimed to determine whether the properties of the late negative responses (LNRs) of the electroretinogram (ERG) elicited by sawtooth flicker are consistent with the characteristics of the photopic negative response generated by a light pulse (PhNR pulse ). Methods ERG recordings were obtained from 10 visually normal individuals and from 6 patients with optic atrophy (OA) in response to 8-Hz rapid-on and rapid-off sawtooth flicker and to brief (4 ms) light pulses. All stimuli were either long wavelength (R), middle wavelength (G), or a combination of equal luminances of long and middle wavelengths (Y) presented on a short-wavelength, rod-saturating adapting field. Amplitudes of LNRs were obtained in response to rapid-on (LNR on ) and rapid-off (LNR off ) sawtooth flicker and were also derived from the sum of the ERG waveforms to the two sawtooth phases (LNR add ). Results For the control subjects, PhNR pulse amplitude varied with stimulus wavelength, being largest in response to a long-wavelength pulse, as expected. However, the amplitudes of LNR on , LNR off , and LNR add were not significantly different for R, Y, and G sawtooth flicker. Despite the absence of a chromatic effect, LNR off and LNR add amplitudes were significantly smaller in the OA patients than in the controls, similar to the results for the PhNR pulse , implying an inner retinal origin for the LNR off and LNR add . However, LNR on amplitudes did not differ significantly between the OA patients and controls, although there was a significant correlation between the LNR on and PhNR pulse for R stimuli. Conclusion We conclude that LNR off and LNR add but not LNR on can be useful measures to assess the integrity of the inner retina that can complement the PhNR pulse .
Introduction
The photopic negative response (PhNR) of the lightadapted full-field electroretinogram (ERG) is a slow negative component that follows the b-wave. Previous studies have demonstrated that the PhNR elicited by a brief light pulse (here termed the PhNR pulse ) originates from the spiking activity of inner retinal neurons, primarily ganglion cells [1, 2] . For example, the PhNR pulse is reduced or absent in macaques following intravitreal injection of tetrodotoxin (TTX) as well as in macaques with experimental glaucoma [1, 2] . In addition, the PhNR pulse is reduced in patients with glaucoma [3] and optic atrophy (OA) [4] [5] [6] [7] , as well as in patients with retinal vascular diseases that affect primarily the inner retina [8] [9] [10] .
Given that the pulse stimulus is so brief, the PhNR pulse contains overlapping responses to both light onset (i.e., luminance increment) and light offset (i.e., luminance decrement). The PhNR onset and offset responses have often been elicited separately by using a discrete luminance step that is usually 200 ms in duration [1] [2] [3] 11] or by using square-wave flicker, which is typically presented at a temporal frequency of approximately 2 Hz [12] [13] [14] . The response to a luminance step contains a late negative component (PhNR on ) that follows the b-wave response to the onset of the luminance increment and also a late negative component (PhNR off ) that follows the d-wave response to the increment offset. The ERG response to square-wave flicker shows similar late negative components [12] [13] [14] .
Pharmacologic studies have demonstrated that the late negative responses observed using luminance steps and square-wave flicker are reduced in macaques following the intravitreal injection of TTX and in animals with experimental glaucoma [1, 2, [12] [13] [14] . Moreover, there is a reduction in both the PhNR on and PhNR off to a luminance step in patients with glaucoma [3, 11] . Therefore, it is apparent that both the PhNR on and PhNR off in response to luminance steps and to squarewave flicker have a major contribution from inner retinal neurons.
An alternative approach to segregating ERG onset and offset responses is to use sawtooth flicker, which consists of a series of luminance ramps that are either rapid-on (abrupt onset and gradual offset) or rapid-off (gradual onset and abrupt offset) [15] [16] [17] . The response to rapid-on sawtooth flicker contains a fairly large negative component that follows the b-wave, and the response to rapid-off sawtooth flicker has a small negative component following the d-wave [15] [16] [17] . A recent study investigated the nature of these late negative responses (LNRs) elicited by achromatic rapid-on and rapid-off sawteeth [17] (in the present study, the term LNR is used rather than PhNR in order to avoid implications as to the retinal origin of the response). The LNR elicited by rapid-off sawtooth flicker (LNR off ) was reduced in glaucoma patients compared to controls and was correlated significantly with the PhNR pulse [17] , suggesting an inner retinal origin for the LNR off . However, the LNR elicited by rapid-on sawtooth flicker (LNR on ) was not significantly different between glaucoma patients and control subjects. Moreover, there was not a significant correlation between the LNR on and the PhNR pulse [17] . Thus, there appears to be a fundamental difference between the LNR on elicited by rapid-on sawtooth flicker and the PhNR on elicited by luminance increments and squarewave flicker.
In the present study, we investigated further the characteristics of the LNRs to rapid-on and rapid-off sawtooth flicker in order to better understand the nature of these responses. Instead of the broadband, achromatic stimuli used previously [17] , we presented sawtooth flicker with different chromatic properties. Previous studies have shown that the wavelength composition of the stimulus can influence the amplitude of the PhNR pulse [2, 18, 19] as well as the amplitudes of the PhNR on and PhNR off elicited by luminance steps [2] . In general, the largest amplitude of PhNR is obtained using a long-wavelength stimulus presented against a short-wavelength adapting field [2, 18] . We examined the effect of stimulus chromatic properties on the LNRs to sawtooth flicker in order to determine whether their response characteristics vary with wavelength similar to previous reports of the PhNR pulse and of the PhNR on and PhNR off elicited by luminance steps. Specifically, we used stimuli that had different degrees of excitation for the long-wavelength (L) and middle-wavelength (M) cones, ranging from approximately equal L-and M-cone excitation to excitation that was strongly biased toward L cones.
We also compared the ERG responses obtained from individuals with OA and presumed inner retinal damage to those obtained from visually normal subjects. As noted above, OA patients can have reduced PhNR pulse amplitudes [4] [5] [6] [7] , but responses to luminance increments and decrements have not been reported previously in such patients. A reduced amplitude of the LNRs elicited by sawtooth flicker in OA patients would indicate a probable inner retinal origin for these ERG response components.
In addition, we examined the late negative component of the ERG waveform that is obtained by summing the responses to rapid-on and rapid-off sawtooth flicker (LNR add ). It has been proposed that the addition of rapid-on and rapid-off waveforms minimizes the linear components of the ERG responses and emphasizes the nonlinear components, which are presumed to originate from within the inner retina [17] . A similar approach has been used previously to demonstrate that the addition of ERG responses to increments and decrements using full-field square-wave flicker can simulate the pattern ERG, which is presumed to reflect the integrity of retinal ganglion cells [12] [13] [14] . In the case of achromatic sawtooth flicker [17] , it was observed that the LNR add was significantly different in glaucoma patients than in control subjects, and there was a significant correlation between the LNR add and the LNR pulse , thus indicating an inner retinal origin for the LNR add . We examined this relationship further using sawtooth flicker with different chromatic characteristics and in OA patients compared to control subjects.
Method

Subjects
Ten visually normal control subjects, ages 22-61 years (mean age, 38 years), and six patients with OA, ages 26-63 years (mean age, 42.6 years) participated in the study. The study protocol was approved by an institutional review board at the University of Illinois at Chicago and informed consent was obtained from all participants prior to testing. Control subjects had bestcorrected visual acuity of 20/20 or better in each eye and no history of ocular disease. The clinical characteristics of the OA patients are given in Table 1 . All patients had clear ocular media and normal intraocular pressures. Molecular genetic analysis indicated that patients 1 and 6 each had a mitochondrial point mutation at base pair 11,778 (G ? A), which corresponds to the NADH dehydrogenase 4 (MTND4) gene. Patient 4 had a c.1090C ? T (p.R364 W) mutation in the mitofusin 2 (MFN2) gene. No molecular genetic information was available for the other three OA patients; their diagnosis was based on clinical findings.
Measurements of retinal nerve fiber layer thickness (RNFLT) in the OA patients were obtained using spectral domain optical coherence tomography (SD-OCT; OPKO Instrumentation, Miami, FL). The peripapillary RNFLT was measured along a circle of 3.45 mm diameter centered on the optic nerve. The RNFLT was calculated for the superior (46°-135°), nasal (136°-225°), inferior (226°-315°), and temporal (316°-45°) quadrants using the OPKO software. The RNFLT measurements obtained from the four quadrants of each of the six OA patients are given in Table 2 , together with the mean RNFLT for each subject. These measurements were compared to normative data obtained from 245 eyes of 123 visually normal subjects in the age range of 19-85 years (mean age, 43 years), provided by the manufacturer. The RNFL was considered abnormally thin if the thickness value was less than the 5th percentile of the normative data. According to this criterion, all patients had an abnormally thin RNFL in at least two of the four quadrants, and the mean RNFLT of each patient was reduced significantly.
Stimuli and recording system
The full-field stimuli for the ERG measurements were generated by LED arrays contained within a ColorDome stimulator (Diagnosys LLC, Littleton, MA) and were either middle wavelength (516 nm [G]), long wavelength (640 nm [R]), or a combination of equal luminances of long and middle wavelengths [Y] . Stimuli were presented either as G, Y, and R pulses that had a duration of 4 ms and a luminance of 3.0 cd s/m 2 or as 8-cycle trains of G, Y, and R rapid-on and rapid-off sawtooth flicker at a frequency of 8.06 Hz, with a contrast of 100 % and a mean luminance of 200 cd/m 2 (illustrations of single cycles of the rapidon and rapid-off stimuli are given in Fig. 2 ). According to a previous study [15] , the ERG responses to rapid-on and rapid-off sawtooth flicker have a similar waveform morphology at frequencies of 4 and 8 Hz, and sawtooth flicker at a frequency of 8 Hz has been used previously to elicit onset and offset responses [16] . Of note, the time between the luminance transients in an 8.06-Hz sawtooth (124 ms) corresponds approximately to the time between luminance transients in a 4-Hz square-wave (125 ms).
All stimuli were presented on a short-wavelength (464-nm), rod-saturating adapting field with a luminance of 12.5 photopic cd/m 2 (41.1 scotopic cd/m 2 , which is equivalent to 3.3 log scotopic trolands, assuming an 8-mm dilated pupil) that was presented continuously. The spectral characteristics and the photopic and scotopic luminances of the full-field stimuli were calibrated using a PR-650 SpectraScan colorimeter (Photo Research, Inc., Chatsworth, CA). Photopic luminances were based on the 10°luminance efficiency function [V 10 (k)], given that the non-foveal retina is the major contributor to the full-field ERG.
L-cone and M-cone excitation values were derived as described previously [20] and were converted to cone Weber contrasts for the pulses and to cone Michelson contrasts for the sawtooth flicker. Cone Weber contrast was defined as (E T -E B )/E B , where E T indicates the cone excitation produced by the test pulse plus short-wavelength adapting field and E B indicates the cone excitation produced by the adapting field alone. Cone Michelson contrast was defined as (E max -E min )/(E max ? E min ), where E max indicates the maximum cone excitation (produced by the test stimulus plus adapting field) and E min indicates the minimum cone excitation (produced by the adapting field alone). L-cone and M-cone Weber contrasts were nearly equal for the G pulse (69.29 vs. 49.57, respectively), were less similar for the Y pulse (89.54 vs. 30.81, respectively), and were most disparate for the R pulse (109.79 vs. 12.12, respectively). The L-cone and M-cone Michelson contrasts for sawtooth flicker were similar for the G stimulus (0.95 vs. 0.93, respectively), were slightly less similar for the Y stimulus (0.96 vs. 0.89, respectively), and were least similar for the R stimulus (0.97 vs. 0.78, respectively).
ERGs were recorded using a DTL electrode referenced to the forehead, with an earlobe ground electrode. ERG responses were acquired using a Diagnosys E 2 console. Data were sampled at the rate of 2 kHz using an amplifier bandpass setting of 0.3-500 Hz. No 60-Hz notch filter was used.
Procedure
One eye of each subject was tested, with the non-tested eye occluded using an eye patch. The pupil of the tested eye was dilated using 1 % tropicamide and 2.5 % phenylephrine hydrochloride drops. Following insertion of the electrode under room illumination, subjects were adapted to the short-wavelength adapting field for 3 min before the first pulse stimulus was presented. Pulses were presented with an inter-pulse interval of approximately 2 s until 5 reproducible ERG responses were obtained. Presentation of the rapid-on and rapid-off sawtooth stimuli followed the presentation of the pulse stimuli. Prior to the first sawtooth stimulus for each chromatic condition, subjects were adapted for 1 min to a uniform field of the same mean luminance and chromatic properties as the flicker. The sawtooth stimuli were repeated with an inter-stimulus interval of 5 s until 5 reproducible recordings were obtained. The five ERG responses Between the 1st and 5th percentile of controls; b less than the 1st percentile of controls obtained for each condition were averaged for each subject. For the rapid-on and rapid-off conditions, the response to the first stimulus cycle was omitted because the initial luminance change was from the mean level rather than being a full luminance excursion. There was no evidence of adaptation during the following 7 cycles of the waveform; the responses all had the same amplitude and timing characteristics. Therefore, these 7 response cycles were averaged, and measurements were obtained from the averaged waveforms.
Analysis
For the ERG responses to pulses and rapid-on sawtooth flicker, the a-wave amplitude was measured from the baseline (defined as the mean of the first 2.5 ms of the waveform) to the a-wave trough and the b-wave amplitude was measured from the a-wave trough to the b-wave peak. For the ERG responses to rapid-off sawtooth flicker, the d-wave amplitude was measured from the baseline to the d-wave peak.
The amplitudes of the PhNR pulse and the various forms of the LNR were measured as follows. For the control subjects, the PhNR pulse , LNR on , LNR off , and LNR add amplitudes were calculated as the difference between the baseline and the mean of 11 consecutive ERG data points centered at the trough of the LNR. The ERG waveforms of the patients with OA often did not have a defined trough. Therefore, to determine the appropriate measurement time, we first calculated the implicit times for the PhNR pulse , LNR on , LNR off , and LNR add components of the ERGs of the control subjects. The implicit times of the control subjects were not significantly different for the G, Y and R stimuli, so we averaged the mean implicit times for the three chromatic conditions. These mean implicit times (±1 standard deviation) were 72.1 ± 8.5 ms (PhNR pulse ), 58.2 ± 5.6 ms (LNR on ), 51.6 ± 4.2 ms (LNR off ), and 55.0 ± 7.9 ms (LNR add ). The PhNR pulse , LNR on , LNR off , and LNR add amplitudes of the OA patients were then calculated as the difference between the baseline and the mean of 11 consecutive ERG data points centered at the mean implicit times of the control subjects.
The response amplitudes for the PhNR pulse , LNR on , LNR off , and LNR add conditions were analyzed using two-way repeated-measures analyses of variance (ANOVAs). The analyses were performed separately for these four conditions. Post hoc comparisons were performed using t-tests with a Bonferroni correction for multiple comparisons. Linear regression was used to evaluate the relationship between PhNR pulse amplitudes and the LNR amplitudes obtained using the sawtooth stimuli. Correlation coefficients with a p value less than 0.05 were considered statistically significant. Figures 1, 2 , and 3 present the ERG waveforms of the control subjects and OA patients in response to a longwavelength (R) stimulus. In these figures, the gray ERG waveforms represent the responses of the individual subjects and the black trace represents the mean. The ERG responses to a pulse are shown in Fig. 1 . The slow negative component following the b-wave in the control waveforms represents the PhNR pulse . The mean ERG waveform of the OA patients lacked the negative trough, and the response component following the b-wave remained above the baseline (dashed line).
Results
ERG waveforms
The ERG responses to rapid-on and rapid-off sawtooth stimuli are illustrated in Fig. 2 . In response to the rapid-on stimulus, the waveforms of both the control subjects and the OA patients showed a late negative component that is labeled the LNR on . In response to the rapid-off stimulus, the mean ERG waveform of the control subjects showed an LNR of small amplitude (LNR off ). For the OA patients, this late component did not extend below the baseline.
The a-wave and b-wave amplitudes did not differ significantly between the OA patients and control subjects for any of the chromatic pulses. Similarly, the a-wave, b-wave, and d-wave amplitudes were not significantly different between the control subjects and OA patients for either the G, Y, or R sawtooth flicker.
The waveforms obtained by adding the ERG responses to the rapid-on and rapid-off stimuli are illustrated in Fig. 3 . The mean waveform of the control subjects was relatively flat over the first 35 ms, indicating that these regions of the rapid-on and rapidoff sawtooth responses approximately canceled each other. This initial flat region was followed by a negative-going response component (LNR add ). Similarly, the waveforms of the OA patients had an LNR add component that extended below the baseline. The OA Fig. 1 Individual ERG waveforms (gray traces) and overall mean ERG waveform (black traces) for the control subjects (left) and OA patients (right) in response to a longwavelength luminance pulse presented against a shortwavelength adapting field, with the stimuli represented along the x-axes. Horizontal dashed lines represent the baseline from which the PhNR pulse was measured Fig. 2 Individual ERG waveforms (gray traces) and overall mean ERG waveform (black traces) for the control subjects (left) and OA patients (right) in response to longwavelength rapid-on (top) and rapid-off (bottom) sawtooth flicker presented against a short-wavelength adapting field, with the stimuli represented along the x-axes. Horizontal dashed lines represent the baseline from which the LNR was measured patients also tended to show a relatively prominent positive-going component prior to the LNR add (which is also apparent in the ERG of one of the control subjects). Of note, the summation waveforms presented previously using achromatic sawtooth flicker [17] also showed a fairly prominent positive-going response prior to the LNR add , indicating that there can be non-canceling (presumably nonlinear) response components at the time of the b-wave.
PhNR pulse amplitudes
The mean PhNR pulse amplitudes of the control subjects and OA patients for the G, Y, and R stimuli are shown in Fig. 4 . The mean PhNR pulse amplitude for the control subjects was smallest for the G stimulus and largest for the R stimulus, with an intermediate value for the Y stimulus. The amplitude difference between the control results for the G and R stimuli was statistically significant (t = 3.34, p \ 0.05), but the other comparisons among the chromatic stimuli were not statistically significant. There was not a significant effect of stimulus chromatic characteristics on the PhNR pulse amplitudes of the OA patients, who had near-zero mean PhNR pulse amplitudes for all three stimuli. The mean PhNR pulse amplitudes of the patients were reduced significantly below normal for the R (t = 5.57, p \ 0.001) and Y (t = 4.24, p \ 0.01) stimuli but not for the G stimulus.
LNR amplitudes
The mean LNR on and LNR off amplitudes of the control subjects and OA patients for G, Y, and R sawtooth flicker are shown in Fig. 5 . The mean LNR on amplitudes of the control subjects were approximately the same as their mean PhNR pulse amplitudes (Fig. 4) , and the mean LNR on amplitude was smallest for the G stimulus, as it was for PhNR pulse . However, the variability was greater for the LNR on amplitudes of the control subjects, so that there was no significant effect of stimulus chromatic characteristics on their LNR on amplitudes, in contrast to the results for the PhNR pulse . Fig. 3 Individual ERG waveforms (gray traces) and overall mean ERG waveform (black traces) for the control subjects (left) and OA patients (right), obtained by summing the ERG waveforms obtained in response to the rapid-on and rapid-off sawtooth flicker shown in Fig. 2 . Horizontal dashed lines represent the baseline from which the LNR was measured The LNR on amplitudes of the OA patients were equivalent for all three chromatic conditions and were substantially larger than their corresponding PhNR pulse amplitudes (Fig. 4) , unlike the results for the control subjects. Although the LNR on amplitudes of the OA patients were lower overall than those of the control subjects, the differences between the patients and controls were not statistically significant, given the variability of the control results. Nevertheless, there was a modest but statistically significant correlation between PhNR pulse amplitude for the R pulse and LNR on amplitude for R rapid-on sawtooth flicker (see Table 3 ). The correlations between PhNR pulse amplitude for an R pulse and LNR on amplitude for G and Y rapid-on sawtooth flicker were not significant, however.
In comparison with LNR on amplitudes, the mean LNR off amplitudes were quite small for both the patients and control subjects (the dashed line in Fig. 5 indicates zero amplitude). The mean LNR off amplitudes of the OA patients were all negative, which indicates that their responses were above the baseline for all three chromatic conditions. There was no statistically significant effect of stimulus chromatic properties on the LNR off amplitudes of either the control subjects or the OA patients, as was also the case for LNR on amplitudes. However, the LNR off amplitudes of the patients were significantly smaller than those of the control subjects for the G (t = 3.86, p \ 0.01) and R (t = 4.68, p \ 0.001) stimuli, although not for the Y stimulus. The correlations between the PhNR pulse for the R pulse and the LNR off for G and R rapid-off sawtooth flicker were statistically significant (Table 3 ), but this was not the case for Y rapid-off sawtooth flicker. The mean LNR add amplitudes of the control subjects and OA patients for the G, Y, and R stimuli are presented in Fig. 6 . Similar to the results for LNR on and LNR off , there was no significant effect of stimulus chromatic properties on LNR add amplitudes for either the control subjects or the OA patients, although the R stimulus elicited the largest LNR add amplitude for the control subjects. The LNR add amplitudes of the OA patients were reduced significantly below those of the control subjects for all three chromatic stimuli (t = 3.63, p \ 0.05 [G] , t = 3.50,
, with the largest difference for the R stimulus. Moreover, there were statistically significant correlations between PhNR pulse amplitude for the R pulse and LNR add amplitudes for the G, Y, and R stimuli, with the highest correlation for R sawtooth flicker (Table 3) .
Discussion
This study investigated the characteristics of the late negative responses to rapid-on (LNR on ) and rapid-off (LNR off ) sawtooth flicker using two approaches. First, we examined the effect of the chromatic characteristics of the stimuli to determine whether the LNRs showed the same wavelength dependence as has been described for the PhNR pulse [2, 18] . Second, we compared the LNRs of visually normal control subjects with those of patients with OA to determine whether the LNRs to sawtooth flicker are affected by inner retinal disease, as is the PhNR pulse [3] [4] [5] [6] [7] [8] [9] [10] .
Consistent with previous studies [2, 18] , the PhNR pulse amplitudes of our control subjects were significantly larger for the R than for the G stimulus, with an intermediate amplitude in response to the Y stimulus. This result supports a previous proposal [2] that the PhNR pulse amplitude is largest for a pulse that excites predominantly one cone type, presumably because this stimulus produces the least spectral antagonism, which would tend to favor the inner retina. We show further that PhNR pulse amplitude is related to the ratio of L-cone to M-cone Weber contrast, which was greatest for the R stimulus, lowest for the G stimulus, and intermediate for the Y stimulus. In comparison, the amplitudes of LNR on , LNR off , and LNR add of the control subjects were not influenced significantly by the chromatic properties of the sawtooth flicker, although there was a tendency for the largest amplitudes to occur in response to R stimuli. A plausible explanation for the minimal chromatic effect observed using sawtooth flicker is that LNR amplitude was governed by L-cone and M-cone Michelson contrasts, which were fairly similar for G, Y, and R sawtooth flicker, with only a slightly higher contrast ratio for R sawtooth flicker.
Despite the absence of a significant chromatic effect using sawtooth flicker, the LNR off amplitudes differed significantly between the OA patients and controls for the G and R stimuli, even though the amplitudes were relatively small overall. Moreover, the LNR add amplitudes differed significantly between the OA patients and controls for the G, Y, and R stimuli. These results indicate that the inner retina likely makes a substantial contribution to the LNR off and LNR add , particularly for R stimuli, which showed the greatest difference between OA patients and controls.
However, LNR on amplitudes did not differ significantly between the OA patients and controls for either the G, Y, or R stimulus (although there was a tendency for the mean amplitudes of LNR on for the various chromatic stimuli to be smaller overall for the OA Fig. 6 Mean LNR add amplitudes for the control subjects (open symbols) and OA patients (filled symbols) derived from the summed responses to rapid-on and rapid-off sawtooth flicker that was either G (circles), Y (squares), or R (diamonds). Error bars represent ± 1 SEM. Brackets and asterisks indicate statistically significant comparisons, where *indicates p \ 0.05 and **indicates p \ 0.01 patients than for the control subjects). We note, however, that there was a significant, although modest, correlation between LNR on amplitudes and PhNR pulse amplitudes for the R stimuli (Table 3) . The lack of a significant difference between the OA patients and controls for mean LNR on amplitudes is likely due in part to the larger intersubject variability for LNR on amplitudes compared to those for LNR off or LNR add .
Our finding that significant differences existed between the OA patients and control subjects for the LNR off and LNR add conditions, together with the lack of a significant difference for LNR on , are consistent with the results of a recent study in which achromatic sawtooth flicker at a frequency of 4 Hz was used to examine LNRs in glaucoma patients versus control subjects [17] . That study reported that LNR off and LNR add but not LNR on differed significantly between glaucoma patients and controls.
Our results for LNR on using long-wavelength sawtooth flicker differ from previous findings for long-wavelength luminance steps. Both the PhNR on and PhNR off in response to long-wavelength luminance steps were reduced following intravitreal TTX injections in macaques [1, 2] , and they were also reduced in patients with glaucoma [3] , indicating that both the PhNR on and PhNR off have a substantial contribution from inner retinal neurons. In the present study, however, the mean LNR on amplitude of the OA patients for R rapid-on sawtooth flicker (Fig. 5, left) was not significantly different from that of the control subjects. The explanation for this apparent difference between the PhNR on measured using a long-wavelength step and the LNR on to long-wavelength rapidon sawtooth flicker remains to be determined.
Of particular interest, LNR add amplitudes differed significantly between the OA patients and controls for all chromatic stimuli. Similarly, in a previous study [17] , LNR add for achromatic sawtooth flicker discriminated best between glaucoma patients and controls, compared to LNR on and LNR off . Therefore, the addition of ERG responses to rapid-on and rapid-off sawtooth flicker appears to emphasize the nonlinear (presumably inner retinal) contribution to the response, as has been described previously for the addition of ERG waveforms obtained in response to square-wave flicker with opposite phase relationships [12] [13] [14] .
In conclusion, the LNRs elicited by 8-Hz sawtooth flicker do not show the same wavelength dependence as does the PhNR pulse . Moreover, the LNR on elicited by rapid-on sawtooth flicker did not differ significantly between the patients with OA and the control subjects for any chromatic condition, indicating that this ERG response component likely has a substantial contribution from retinal elements other than inner retinal neurons. Nevertheless, both the LNR off and the LNR add components of the sawtooth flicker ERG appear to have a major contribution from the inner retina, given the significant differences observed between the OA patients and controls, particularly for long-wavelength stimuli. Therefore, our results support the hypothesis [17] that the LNR off and especially the LNR add could serve as useful measures of inner retinal function that can complement the PhNR pulse in patients with retinal or optic nerve diseases.
